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section at the pars plana was taken with an 18-mm-diameter trephine and the corneoscleral disc 141 removed for other studies. The posterior pole was placed on a back-lit table and the retina was 142 observed under an operating microscope to select the tissue included in this study. Eyes with large 143 drusen or severe pigment epithelial alterations, severe macular atrophy, macular hemorrhage, or any 144 grossly visible chorioretinal pathologic abnormality were excluded. The vitreous body was carefully 145 removed. The entire neural retina was carefully separated with forceps. Samples were stored at -80°C 146 under argon atmosphere. Total lipids were extracted from retinas according to the method described 147
by Folch et al. (1957) [48] . The phosphorus content of the total phospholipid extract was determined 148 according to the method developed by Bartlett and Lewis [49] . The total phospholipids were dried 149 under a stream of nitrogen, after which internal standards PC 14:0/14:0 (final concentration, 0.4 ng/µL) 150 and PC 24:0/24:0 (final concentration, 0.64 ng/µL) were added at about 30% of the major PC 151 molecular species. The samples were then diluted to the appropriate concentration of 12.5 ng/µL in 152 chloroform/methanol (1:1, v/v) for analysis and stored at -80°C under argon atmosphere. 153
LC-ESI-MS using triple-quadrupole mass spectrometer 154
The total phospholipids were analysed by liquid chromatography coupled to a mass spectrometer 155 equipped with an ESI source. HPLC was performed using a JASCO PU 2089 Plus LC pump equipped 156 with a JASCO AS 2057 Plus auto-sampler from JASCO Analytical Instruments (Bouguenais, France). 157
The injection volume was 5 µL. The separation was performed using a Hypersil Silica Column (150 158 µL.min −1 and the column was maintained at 30°C. The flow from LC was split using an analytical fixed 164 flow splitter (split ratio = 1:1, post-column) from Analytical Scientific Instruments (El Sobrante, CA, 165 USA). Mass spectrometry was performed using a ThermoFinnigan TSQ Quantum triple quadrupole 166 mass spectrometer equipped with a standard electrospray ionisation source outfitted with a 100-µm 167 i.d. H-ESI needle. The source spray head was oriented at a 90° angle orthogonal to the ion-transfer 168 tube. Nitrogen was used for both the sheath and the auxiliary gases. The MS signals of PC species 169 were first optimised by continuous infusion of the standards dissolved in the mobile phase using ESI in 170 negative and positive modes. The electrospray ionisation spray voltages were 3 kV and −4.5 kV in 171 negative and positive ion modes, respectively, vaporiser temperature was 150°C, sheath gas N 2 172 pressure 45 (arbitrary units), auxiliary gas pressure 45 (arbitrary units), ion sweep gas pressure 5, ion 173 transfer capillary temperature 300°C, skimmer offset 5 V and multiplier gain 300,000. 174
When operated under full scan conditions in the negative and positive ion modes, data were collected 175 in the range of m/z 400-1100 with a scan time of 0.5 s. For PC characterisation in the negative mode, 176 ESI-MS/MS was used with argon as the collision gas at 1.5 mTor, and the collision energy was set toA c c e p t e d M a n u s c r i p t 6 15 eV; in the positive mode, the collision gas pressure was 0.8 mTor and the collision energy ranged 178 from 30 to 45eV. PC species were manually identified with the parent mass information and their 179 characteristic fragment ions in the CID spectrum using lists of PL species prepared in our laboratory. 180
For PC quantification in ESI/MS/MS, precursor scanning at m/z 184 was used. Optimum conditions for 181 collision-induced dissociation (CID) were selected. For all calculations, the ratio of peak area of each 182 PC species to the peak area of the internal standards (PC 14:0/14:0 and PC 24:0/24:0) was used. 183
Corrections are applied to the data for isotopic overlap. The data were processed using the Xcalibur 184 software (ThermoFinnigan). 185
Preparation of fatty acid methyl esters 186
The fatty acid methyl esters (FAMEs) were prepared using the boron trifluoride (BF 3 ) reagent as the 187 catalyst according to Morrison and Smith [50] . Briefly, lipids (up to 20 mg) were transferred to a 188 centrifuge tube with a PTFE-lined screw cap and evaporated under a stream of nitrogen; 0.3 mL of 189 toluene and 0.7 mL of boron trifluoride reagent (BF 3 /methanol, 7%) were added under nitrogen and 190 the tube was closed with the screw cap. The tube was then heated to 95°C for 2 h and then cooled to 191 room temperature. FAMEs were extracted by adding 5 mL of saturated solution of NaHCO 3 and 3×2 192 mL of hexane. The mixture was centrifuged (3000 rpm) for 3 min to break the emulsion formed. After 193 drying the organic phase over sulfate sodium (Na 2 SO 4 ), the solvent was removed under a stream of 194 nitrogen and FAMEs were dissolved in hexane for GC analysis. 195
Gas-chromatography analysis 196
FAMEs (0.5 mg/mL in hexane) were analysed on a Hewlett Packard Model 4890 gas-chromatograph 197 (Palo Alto, CA, USA) using a CP-Sil 88 (100 m × 0.25 mm I.D. capillary column, 0.2 µm film, Varian, 198 Courtaboeuf, France). The instrument was equipped with a split/splitless injection (splitless for 0.5 199 min). The linear velocity of hydrogen was 37.0 cm/s at 60°C. The temperature was held at 60°C for 5 200 min, raised to 165° at 15°C/min and held for 1 min and then to 225°C at 2°/min and finally held at 201 225°C for 17 min according to the procedure described in the literature [51] . The injection port was 202 held at 250°C and a flame ionisation detector (FID) was used at 250°C. A c c e p t e d M a n u s c r i p t 7 mode) and the interface temperature were maintained at 250°C, whereas helium was used as the 215 carrier gas under constant flow at 1 mL/min. Spectral data were acquired over a mass range of 50-216 600 amu. GC separation was performed on a BPX-70 (60 m × 0.25 mm I.D. capillary column, 0.25 µm 217 film; SGE, Melbourne, Australia). The temperature was held at 60°C for 1 min, raised to 240 at 218 20°C/min and held at 240°C for 90 min. 219
Results and discussion: 220
The objective of the present study was to develop a sensitive and specific method for the 221 characterisation and quantification of PC species and in particular VLC-PC species in human retina 222 using LC-ESI-MS/MS. Given the greater availability of bovine retinas compared to human retinas, the 223 former were used by means of characterisation of VLC-PC. Bovine retina is also known to contain 224 VLC-PUFA (C24-C36), specifically concentrated in PC [2] . 225
Separation of phospholipid classes 226
We chose to separate the phospholipid species using LC prior to the ESI-MS/MS analysis in order to 227 enhance the detection of the minor isobaric species in the mixture. Additionally, a suitable 228 chromatographic separation may reduce any ESI suppression of non-isobaric and co-eluting species. 229
Then we developed a normal-phase HPLC separation of phospholipid (PL) classes in order to 230 separate and study the collision-induced dissociation of these PC molecular species containing VLC-231 PUFA using a triple-quadrupole instrument. as well as PC and SM eluted very closely, class determination was far more complicated. In our study, 245 ammonium formate was added to this mobile phase system to enhance separation, resolution and 246 selectivity. By optimising the concentration of ammonium formate in the mobile phase, the flow rate 247 and the use of a pertinent gradient, a good baseline separation of PE, PI, PS, PC, SM and LPC 248 classes in bovine and human retinas was achieved, as illustrated in Fig. 1 . The method did not require 249 fractionation into neutral lipids and phospholipids. Total lipid extracts from retinas can be injected 250 directly into the system, with neutral lipids eluting with the solvent front. As expected, 251 plasmenylcholine (PlsC) species co-eluted with PC species. Moreover, under our HPLC conditions, 252 VLC-PC molecular species containing VLC-PUFA eluted separately just before other PC molecular 253 A c c e p t e d M a n u s c r i p t 8 species, between 15.5 and 17 min. Also, it was possible to collect this fraction in order to concentrate 254 VLC-PC for further structure characterisation using GC-MS. 255
Determination of PC species based on their specific fragmentation mechanisms 256
Detailed structural analysis of glycerophospholipids can be performed using electrospray tandem 257
phospholipids results in fragment ions that are related to the polar head group and fatty acyl 259 substituent esterified to the glycerol backbone. 260
In order to characterise PC molecular species, lipid extracts from bovine retina were analysed by ESI- − ions, respectively, resulting from the loss of fatty acyl groups such as ketenes [19, 21] . 280
According to some authors, acyl chain distribution in phospholipids can be accurately determined with 281 a triple-quadrupole spectrometer. The intensity of the carboxylate anion derived from the sn-2 acyl 282 substituent is greater than the carboxylate anion derived from the sn-1 acyl substituent [18, 19] . 283
However, under our conditions, it was not verified with PC containing an LC-PUFA in position sn-2, 284 e.g. C20:4n-6 (Fig. 2B) or C22:6n-6 (Fig. 2C) . Indeed when R 2 CH 2 COOH was an LC-PUFA, a 285 fragment was also detected at a mass 44 Da lower than the carboxylate anion [R 2 CH 2 COO]
− . This 286 fragment is generated by the loss of one CO 2 molecule from this LC-PUFA carboxylate anion. A c c e p t e d M a n u s c r i p t 9 two fragments: the C18:0 carboxylate anion and the ion formed by the loss of 44 Da from the C22:6 293 carboxylate anion. Consequently, the intensity of the C18:0 carboxylate anion derived from the sn-1 294 acyl substituent was greater than the C22:6 carboxylate anion derived from the sn-2 acyl substituent. 295
In contrast, the regiospecificity of the acyl moieties in asymmetrical PC, even with a LC-PUFA in the 296 sn-2 position, can be confirmed from the packet of sn-1 acyl and sn-2 acyl lyso-PC product-ion peaks 297 because the sn-1 acyl lyso-PC ion is always more abundant than the sn-2 acyl lyso-PC ion ( Fig. 2A-298 C) [19] . For plasmalogen species, only the carboxylate anion corresponding to the sn-2 acyl 299 substituent was detected, since the sn-1 substituent did not easily cleave to form an anion [19, 35] (Fig  300   2D) . However, in the case of PlsC 18:0/22:6 (Fig. 2E) , the MS 2 fragmentation of the selected 301
− at m/z 802 shows the ion at m/z 327 corresponding to the C22:6 carboxylate 302 anion and the fragment at m/z 283, which is generated by CO 2 loss, as explained above. Thus, during 303 the interpretation of spectra from PC or PlsC containing C22:6n-3 in the sn-2 position, it is important to 304 pay attention to the fragment at m/z 283 generated by CO 2 loss by C22:6 carboxylate anion, because 305 it can be confused with the C18:0 carboxylate anion. 306
The PC species were characterised in bovine retina. The different PC, VLC-PC and PlsC molecular 307 species characterised in bovine retina (Fig. 3A) are listed in Table 1 . We particularly focused on the 308 VLC-PC fraction in the retina (Fig. 3B) . Identification by ESI-MS/MS showed that this fraction 309 − ). Among these three fragments, the fragment at m/z 696 was 317 the most abundant and it was therefore useful for regioisomeric assignment. 318
We characterised 69 PC molecular species, in particular 22 VLC-PC molecular species, in bovine 319 retina ( Table 1 ). All these identified VLC-PC molecular species contained C22:6 in the sn-2 position 320 and VLC-PUFA in the sn-1 position according to Aveldaño [55] . These VLC-PC species contained 321 fatty acyl from 24 to 36 carbon chains long, with four, five or six double bonds. The majority of VLC-PC 322 contained C32 and C34 VLC-PUFA with four, five or six double bonds. Phospholipids from human 323 retina were also separated (Fig. 1B) using the same LC-ESI-MS conditions. The main PC and VLC-324 PC were characterised and compared to those identified in bovine retina (Fig. 4) . Thirty-six PC 325 molecular species and in particular 13 VLC-PC molecular species were detected in significant 326 amounts in human retina ( Table 2) . Similar structures of VLC-PC to those in bovine retina were 327 characterised in human retina. C22:6 still remained in the sn-2 position and the VLC-PUFA in the sn-1 328 position. Moreover, as in bovine retina, the majority of VLC-PC contained C32 and C34 VLC-PUFA 329 with four, five or six double bonds. Only traces of VLC-PC containing C30:5, C30:6, C36:5 and C36:6 330 were also detected but could not be quantified. and belong to the n-3 and n-6 families [2,56]. The n-6 family of C28-C36 fatty acids has four or five 334 double bonds, while the n-3 family of VLC-PUFA contain five or six double bonds. To check these in 335 our retina samples, a part of the isolated VLC-PC fraction by HPLC was converted into fatty acid 336 methyl esters (FAMEs) and analysed by GC-FID). An aliquot of FAME of the isolated VLC-PC fraction 337 from bovine retina was then converted into DMOX derivative and analysed using GC-EI-MS (Fig. 5A) . 338
Identification was established according to previous studies [52,57,58]. For example, the mass spectra 339 of the DMOX derivative of C32:4 (n-6) and C32:6 (n-3) are presented in Fig. 6 . GC-MS mass spectra 340 of DMOX derivative of C32:6 n-3 and 32:4 n-6 gave intense molecular ions at m/z 521 and m/z 525 341 respectively, and fragmentation localised the double bonds in the carbon chain. In DMOX derivatives 342 of mono-or polyunsaturated fatty acids, a mass interval of 12 amu instead of the regular 14 amu 343 between two neighbouring homologous fragments containing n-1 and n carbon atoms of the original 344 acid moiety indicates that a double bond exists between carbons n and n+1 in the chain [58] . 345
Moreover, it is important to note that a gap of 40 amu is also observed between the two fragments 346 containing n-2 and n+1 carbon atoms, located around the double bond. Thus, we have established the 347 mass spectra of the DMOX derivatives of major VLC-PUFA detected in the isolated VLC-PC fraction 348 obtained by HPLC from bovine and human retinas ( Fig. 6A and 6B) . In our samples of bovine retinas, 349 as in human retinas, C30-C34 VLC-PUFA of the n-6 family had only four double bonds, while C28-350 
Quantification of the PC species in total lipids extracted from human retina 362
In single-stage positive-ion ESI-MS of total lipid extracts, PC molecular species often give rise to major 363 peaks corresponding to the sodiated molecular ions [ (from 60 pg/µL to 60 ng/µL of total PC) in chloroform/methanol (1:1) and then injected to LC-ESI-MS. 399
The PC mixture had a linear response of ion count versus concentration from 5 pg to 2 ng/µL (from 60 400 pg/µL to 24 ng/µL of total PC) (Fig. 7) . Beyond this concentration, the response was nonlinear and 401 began to plateau. 402 
Conclusion 441
In summary, qualitative and quantitative analysis of VLC-PC species was examined in this paper. An 442 accurate method using normal-phase HPLC coupled on-line with triple quadrupole mass spectrometer 443 was developed to characterise and quantify all PC species, including VLC-PCs in human retina and 444 bovine retinas. Since the results from molecular and biochemical studies led to the conclusion that 445 VLC-PUFA are involved in the pathogenesis of STD3, the method developed herein may be useful to 446 more accurately investigate the molecular mechanisms leading to photoreceptor dysfunction and 447 death in STD3. 448 and LPC classes were 7-8 min, 11-12 min, 13-14 min, 15.6-21 min and 23.5-27 min, respectively. 555
The mass spectrometer was operated under full scan in the negative ion mode from 0 to 15 min and in 556 the positive ion mode from 15 min to 40 min. 557 A c c e p t e d M a n u s c r i p t A c c e p t e d M a n u s c r i p t 
